Central nervous system complications after transplantation occur in up to 40% of recipients and these complications are associated with increased length of hospital stay and mortality. Catatonia is a neuropsychiatric clinical syndrome which has been described in case reports and in a small case series as occurring in the immediate post-solid organ transplantation (SOT) period, and it has been attributed to calcineurin inhibitor neurotoxicity, psychological vulnerability, and depression. Among transplant recipients, the incidence of catatonia is unknown; it may be under diagnosed in part due to a broad differential diagnosis in the post-transplantation setting, which includes hypoactive delirium, non-convulsive status epilepticus, drug toxicity, conversion disorder, and volitional uncooperativeness.
Background
Central nervous system complications after liver transplantation occur in up to 40% of recipients, and these complications are associated with increased length of hospital stay and mortality [1] . Catatonia is a neuropsychiatric syndrome with motor, speech, and behavioral abnormalities that has been described in several case reports of transplant recipients. However, among transplant recipients, the incidence of catatonia is unknown. Many potential transplant-related factors have been associated with catatonia syndromes in non-transplanted patients, including infection, posterior reversible encephalopathy syndrome [2, 3] , akinetic mutism [4] , uremic encephalopathy [5] , hyponatremia [6] , and osmotic demyelination syndrome [7] . Immunosuppressants have specifically been implicated in catatonia among transplant recipients [8] [9] [10] . While the pathophysiology of catatonia remains unclear, proposed mechanisms involve neuronal decreases of GABA (gamma-aminobutyric acid) and dopamine and increases in glutamate [11] .
Catatonia is challenging to diagnose due to varying severity, symptom fluctuation, and lack of objective diagnostic testing. Additional difficulty in diagnosis is related to its broad differential diagnosis in the post-transplantation setting, including hypoactive delirium, non-convulsive status epilepticus, drug toxicity, conversion disorder, and volitional uncooperativeness [9, 10, 12, 13] .
We present 2 cases of catatonia diagnosed in the early postoperative period among liver allograft recipients at our institution. That we identified 2 cases within a 6-month period prompted a literature review of all known cases of catatonia after solid organ transplantation (SOT), which has not been described before. In this paper, we also discuss provisional evaluation and management strategies of transplant recipients with clinical concern for catatonia. We believe this short series, literature review, and recommendations will increase awareness and management of catatonia among transplant recipients.
Case Report
We present 2 case reports and a review of the literature for known cases of catatonia in transplant recipients. On March 7, 2017, we systematically reviewed PubMed, EMBASE, and PsyINFO by cross-referencing the search terms "catatoni*" AND "transplant*". Abstracts from EMBASE (35), PubMed (18) , and PsyINFO (12) were reviewed for cases of catatonia in the context of SOT. Individual articles were also reviewed for additional references. Symptoms of catatonia were variably described among the cases identified, and only 4 articles quantified the severity of catatonia with a rating scale: the Bush-Francis Catatonia Rating Scale (BFCRS) was used in 3 cases and the Northoff Catatonia scale was used in 1 case. We reviewed each article for mention of any of the symptoms described in the BFCRS screening questions 1-14 and noted them as present or absent.
Case 1
A 52-year-old male with cirrhosis secondary to hepatitis C virus (HCV) infection and alcoholism (in remission greater than 1 year) with chronic ascites, hepatic encephalopathy, and a calculated MELD (Model for End-Stage Liver Disease) score of 16 received orthotopic ABO-compatible liver transplant (OLT) complicated by intra-operative large volume ascites loss and acute kidney injury on post-operative day (POD) 1, temporarily necessitating hemodialysis. The patient's allograft function was good throughout the post-operative course. The immunosuppressive regimen consisted of tacrolimus (TAC), mycophenolate mofetil (MMF), and methylprednisolone. Psychiatric history consisted of bipolar disorder with multiple prior psychiatric hospitalizations in remission, with the patient on 20 mg nightly of olanzapine. Psychiatry was consulted on POD 1 for recommendations on restarting olanzapine. Psychiatry evaluation revealed no evidence of delirium, mania, psychosis, or other behavioral abnormalities, and given the absence of any recent mood symptoms and out of caution given his transplant, the recommendation was to restart olanzapine at a lower 5 mg dose with a plan to titrate to his prior home dose. He continued hemodialysis and physical therapy for the next 3 days without issue. On POD 4, he refused to get out of bed to work with Physical Therapy and didn't answer questions asked by the surgical team, who became concerned that he was depressed. He was reassessed by Psychiatry on POD 6 and was noted to be alternating between staring blankly and looking around the room as though he was paranoid or confused, sometimes holding his head sideways for several seconds. He reported auditory hallucinations but would not discuss the nature of this. His speech alternated between periods of whispering, pausing for extended periods before answering, and not answering questions at all. His BFCRS score was 2. Neurological examination was remarkable for a mild bilateral upper extremity resting tremor. Electroencephalogram (EEG) was without epileptiform activity or diffuse background slowing. Blood work, including infectious workup, were all unremarkable. His TAC trough level was 1.4 ng/mL. Psychiatry was primarily concerned for psychosis or possible delirium and recommended increasing olanzapine to 10 mg nightly. The next day (POD 7), he had an episode of non-responsiveness and Neurology was consulted. His neurological examination was non-focal. The only signs of catatonia appreciated were mutism and head turning sideways at times, and the Neurology team was concerned for delirium and recommended a magnetic resonance imaging (MRI) to rule out intracranial pathology. Later that day (POD 7), he had another episode of unresponsiveness, including not moving his extremities. Repeated blood work and a head computed tomography (CT) were normal. Neurology was concerned for non-convulsive seizures and he received 2 mg of intravenous (IV) lorazepam, shortly after which he began moving his extremities and became fully aroused. Hours later, he again became non-responsive, but also was hypotensive, hypoxic, and required transfer to the intensive care unit. Repeat EEG showed only diffuse background slowing. Serial neurological examinations revealed the onset of immobility, negativism, waxy flexibility, catalepsy, posturing, staring, and mutism; BFCRS score was 18. Psychiatry recommended, and Neurology agreed, with administration of another dose of IV lorazepam, though a lower dose of 0.5 mg given his prior poor tolerance of 2 mg. He did not respond to a 0.5 mg dose, but after another 0.5 mg dose, he began smiling, making eye contact, and answering questions within 30 minutes. Based on this clinical scenario and his response to lorazepam, catatonia was diagnosed. Lorazepam was scheduled at 1 mg IV twice daily. In an abundance of caution, TAC was changed to cyclosporine (CyA) on POD 8. Due to ongoing staring and immobility, lorazepam was titrated over 6 days to 4 mg IV every 4 hours. Sedation and low normal blood pressures precluded further dose increase, so memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist, was added at 5 mg twice daily for catatonia. His catatonia gradually improved over several days. Lorazepam was converted to oral formulation. With lorazepam 4 mg 4 times daily and memantine 10 mg twice daily catatonia resolved by POD 22 (BFCRS score was 0). He was discharged home on this regimen, which was tapered over 3 months by his outpatient transplant psychiatrist. Catatonia symptoms did not return.
Case 2
A 66-year-old female with cryptogenic cirrhosis and a calculated MELD score of 35 received an OLT without intra-operative complications. The immediate post-operative course was unremarkable, and her allograft functioning was good. The immunosuppressive regimen consisted of TAC, MMF, and methylprednisolone. She had no psychiatric history. On POD 3, she was seen for routine post-operative follow-up by the Transplant Psychologist, and was noted to be alert and fully oriented, but with new-onset communication difficulties including poor wordfinding, speech latency, and dysarthria. She was fixated on her urine output to the exclusion of being able to hold a conversation. On POD 4, she began staring at the ceiling and reported visual hallucinations. Head CT and repeat blood work were non-contributory. Despite desired therapeutic levels, TAC was discontinued out of concern for neurotoxicity, and she was started on CyA. Her speech difficulties fluctuated over the next few days, and Neurology was consulted. Her brain MRI was without evidence of acute stroke and her 24-hour EEG was without epileptiform activity, diffuse background slowing, or other abnormalities, and routine non-pharmacologic delirium precautions were recommended. On POD 10 she was noted by Physical Therapy to have "freezing episodes" where she would stop moving and appear "stuck", would not talk, and had an episode of urinary incontinence while standing. She became paranoid that the "devil" was coming for her, refused her immunosuppressive medications, and exhibited verbigeration, repeating (over 40 times according to her nurse) "I don't think I'm supposed to take this". Psychiatry was consulted and noted that she was mute, continuously pointing towards the ceiling, staring upwards without blinking, and resisting attempts at moving her arms. She also demonstrated mitgehen, positive grasp reflex, and withdrawal. Her BFCRS was 21 and Psychiatry recommended a trial of lorazepam. Within 15 minutes of receiving 2 mg IV lorazepam she became interactive, conversed appropriately, and acted without abnormal behaviors. Catatonia was diagnosed, and she was started on scheduled IV lorazepam. After a second dose of lorazepam the next morning, she became sedated and was without any residual evidence of catatonia. In light of her improvement, lorazepam was stopped. She was without evidence of catatonia for
Discussion
Our literature search identified 11 additional cases of posttransplantation catatonia among liver (8), heart (1), kidney (1), and kidney/pancreas (1) recipients [9, 10, [13] [14] [15] [16] [17] [18] [19] [20] . Including our 2 cases, a total of 13 cases of post-transplantation catatonia are now described in the literature. Mean age of all patients was 53 years, ranging from 21-66 years of age. Sixty-two percent of cases were male. Psychiatric histories were described for 12 recipients, of which 9 recipients had significant psychiatric histories (Table 1) . Only 3 recipients were reported to be taking psychotropics at the time of transplantation, 2 for depression and 1 for bipolar disorder.
Overall, 10 out of 13 cases (77%) of post-SOT catatonia are among liver recipients; 9 received liver transplants and 1 received liver and kidney transplants. Liver recipients had a variety of primary hepatic diseases, including HCV cirrhosis (3 out of 10), alcoholic cirrhosis (2 out of 10), primary biliary cirrhosis (1 out of 10), non-alcoholic steatohepatitis (1 out of 10), and non-alcoholic fatty liver disease (1 out of 10). Underlying hepatic diseases were not reported in 2 cases. A minority of recipients (2 out of 10) developed transient complications in the early post-transplantation period, and there were no deaths.
The onset of catatonia was specified in 12 of the published cases. In 58% of cases (7 out of 12), catatonia was noted within 4 days of transplantation, and 6 of these 7 were among liver recipients. None of the non-liver recipients developed catatonia within the first week after transplantation ( Table 1) . The most common symptoms of catatonia among all cases were immobility (77%), staring (77%), withdrawal (77%), mutism (69%), negativism (61%), posturing (46%), echolalia (38%), and stereotypy (38%). The average number of catatonia symptoms was 6 (range [2] [3] [4] [5] [6] [7] [8] were observed in all 13 cases, most commonly paranoia (46%), agitation (23%), hallucinations (23%), myoclonus (23%), and tremor (23%). For all 13 cases, once symptoms were recognized, early psychiatric consultation was requested, resulting in a diagnosis of catatonia.
Of the 11 cases in which blood work was discussed, there were no blood work abnormalities described with any regularity. Hypomagnesemia was noted in only 4 cases (31%), and no patients had a magnesium level less than 1.5 mg/dL. Brain imaging was performed in 62% of cases, and none showed acute pathology. EEG was obtained in 54% of cases, and 5 EEGs showed diffuse slowing or generalized dysrhythmias. None showed epileptiform activity.
Immunosuppressive regimens were reported in 10 patients.
Immunosuppressive regimens were adjusted following the onset of catatonic symptoms in 7 cases despite therapeutic trough levels in 6 patients, of which 3 were before benzodiazepines were given. For our 2 cases, this reflected a reactive response of the medical team before we were able to reach a comfort level in taking care of these patients with suspicion of catatonia. In Brown et al. [13] , a supratherapeutic TAC level (30.4 ng/mL) and MRI consistent with atypical posterior reversible encephalopathy syndrome (PRES), not the management of catatonia, triggered modification of immunosuppressive regimen [13] . In UNC Case 2, TAC was changed to CyA 8 days prior to catatonia treatment.
Benzodiazepines were the most common initial treatment (9 cases), followed by zolpidem (1 case), sertraline plus methylphenidate (1 case), olanzapine (1 case), and mirtazapine (1 case). Seven cases showed significant reduction in catatonia symptoms within 60 minutes of the first treatment dose, and another 2 cases improved within 24 hours. In each of these 9 cases with rapid resolution of catatonia, benzodiazepines were used at the equivalent of at least 1 mg IV lorazepam. Dosing of lorazepam was increased in 2 cases due to incomplete resolution of catatonia: in 1 case to a total of 24 mg daily, and in another case from 0.5 mg every 6 hours, which gave a modest response after 24 hours, to 1 mg every 6 hours, which improved the response. Lorazepam dosing was decreased after the initial dose in 2 cases, both out of concern for over-sedation. Neuroleptics were used at some point in 38% of cases, and no cases of conversion to malignant catatonia or neuroleptic malignant syndrome occurred. Catatonia was successfully and completely treated in all 13 cases. Notably, psychopharmacologic agents started during catatonia were continued for at least 2 weeks in 77% of cases, including benzodiazepines (6 cases), antipsychotics (5 cases), memantine (1 case), methylphenidate (1 case), and mirtazapine (1 case).
Catatonia in the early post-transplantation setting generally presents as a clinical syndrome of behavioral, motor, and speech abnormalities. Behavioral disturbances can include not working with physical and occupational therapists (immobility), poor oral intake or refusing medications (withdrawal), not making eye contact, or staring. Motor abnormalities vary but may be most noticeable during assessment of range of motion of upper extremities, when resistance to movement (negativism or waxy flexibility), exaggerated movements, or posturing may be evident. Speech abnormalities may include delayed or slowed responses, copy-catting (echolalia), repeating phrases (verbigeration), returning to the same topic (perseveration), or complete mutism. Without further investigation, these symptoms could potentially be attributed to hypoactive delirium, medication sedation, depression, volitional uncooperativeness, non-convulsive status epilepticus, or conversion disorder. While the majority had a positive psychiatric or substance abuse history, only a minority (3 out of 13 patients) were taking psychotropics for active psychiatric symptoms at the time of transplantation, and active psychiatric symptoms, such as anxiety, paranoia, and hallucinations, do not preclude a diagnosis of catatonia.
Similar to catatonia associated with other medical and psychiatric etiologies, post-transplantation catatonia is rapidly responsive to benzodiazepines, most commonly IV lorazepam. Effective dosing generally ameliorates catatonia symptoms within 60 minutes, though symptoms commonly remerge, and repeated dosing is often necessary. Dosing intervals should be frequent enough to prevent symptom reemergence. Initial dosing of 1-2 mg given 3 to 4 times daily is reasonable. IV lorazepam was the initial treatment in 8 recipients and was successful in all 7 cases where the dose was at least equivalent to 1 mg lorazepam. Paradoxical agitation was reported in 1 case after a single 0.5 mg IV dose [17] . This could arguably represent a positive response that unmasked an underlying agitated delirium. Some patients may be susceptible to sedation, hypotension, or worsening underlying delirium, and augmentation with non-benzodiazepines should be considered. Initial treatment with zolpidem was used successfully in 1 case and then switched to oxazepam [15] ; memantine was used in 2 cases successfully (in 1 case to avoid benzodiazepine in order to avoid exacerbation of an underlying delirium [13] , and in our Case 2 to augment lorazepam when dose increases were precluded by sedation and hypotension. IV dosing may be converted to oral dosing after symptoms have been effectively treated for 1 to 2 days.
Neuroleptics used post-operatively for delirium and agitation are generally avoided in catatonia. While dopamine-blocking neuroleptics, generally high potency typical antipsychotics, have been linked to malignant catatonia or neuroleptic malignant syndrome [21, 22] , these cases showed that atypical antipsychotics may be prudently considered for concurrent symptoms of delirium (paranoia, hallucinations, agitation).
That the majority of cases did not involve changing immunosuppressive regimens indicates that changing regimens is potentially avoidable in post-transplantation catatonia, and based on these cases, switching to a non-calcineurin inhibitor agent such as sirolimus may be avoidable. For the 6 patients in whom immunosuppressants were changed, 5 were continued on a calcineurin inhibitor (from TAC to cyclosporine) and 1 was switched to sirolimus, suggesting that if either TAC or cyclosporine does contribute to catatonia, the mechanism is not through a class effect. Importantly, immunosuppressant serum levels were only supratherapeutic in 1 case, in which atypical PRES was also diagnosed. Therefore, it cannot be said that a therapeutic immunosuppressant level precludes a diagnosis of catatonia.
Catatonia in the post-transplantation setting is surprisingly common among liver recipients and occurs early in the postoperative setting. While precise mechanisms for the development of catatonia are poorly understood, neuronal deficiencies in GABA are likely involved as evidenced by the efficacy of GABA agonists, such as benzodiazepines, in treating catatonia regardless of its etiology [12] . That the onset of catatonia is generally abrupt, within days after transplantation, supports the hypothesis that abrupt changes in neurotransmitter balance may occur in patients with newly transplanted livers and may be contributing to post-transplantation catatonia. Several lines of evidence implicate a relative deficiency in GABA-dependent signaling after liver transplantation specifically. Chronic liver failure is linked to neurochemical adaptations, including upregulation of GABA signaling [23] [24] [25] . Lack of effective hepatic metabolism of endogenous GABA-ergic neurotransmitters may lead to their accumulation and enhanced neuronal activity. Ammonia has been shown to modulate GABA receptors, further increasing GABA-ergic signaling in liver failure [26] . Reversal of this condition by liver allograft may lead to an acute state of relative GABA deficiency in the early postoperative period. TAC and CyA [27] are postulated to inhibit GABA activity as well as potentiate NMDA receptor activity, another mechanism implicated in the causality of catatonia [8, 28] . Increasing GABA-ergic signaling with GABA agonists, such as benzodiazepines, may correct rapid changes in GABA signaling brought about by liver exchange, whereas memantine may treat catatonia through NMDA-receptor antagonism.
Given the variable presentation, symptom overlap, and effectiveness of early treatment, a low index of suspicion for catatonia in the early post-transplant liver recipient should be considered. Pre-transplantation ammonia levels have not been described among liver allograft recipients that develop catatonia, but it would be of clinical interest to determine whether pre-transplantation hyperammonemia is associated with catatonia after liver transplantation. Increased awareness and understanding of catatonia in the early post-transplantation period may shorten the length of hospital stay and decrease mortality. Early involvement of consult-liaison psychiatry can aid with diagnosis, treatment, and outpatient psychiatric care that may be indicated following hospital discharge.
Conclusions
Catatonia in the early post-transplantation setting is a clinical syndrome of behavioral, motor, and speech abnormalities that with careful consideration could potentially be attributed to hypoactive delirium, medication sedation, depression, volitional uncooperativeness, non-convulsive status epilepticus, or conversion disorder. Post-transplantation catatonia is rapidly responsive to IV lorazepam, and neuroleptics may be prudently considered for concurrent symptoms of delirium. Changing immunosuppressive regimens is potentially avoidable in a posttransplantation catatonia. Catatonia in the post-transplantation setting is surprisingly common among liver recipients and occurs early in the post-operative setting. We hypothesize that it may be related to an acute state of relative GABA deficiency in the early post-operative period induced by liver explantation rapidly correcting a state of elevated GABA-ergic neurotransmission in chronic liver failure. Increased awareness and understanding of catatonia in the early post-transplantation period may shorten the length of hospital stay and decrease mortality. Early involvement of consult-liaison Psychiatry can aid with diagnosis, treatment, and outpatient psychiatric care that may be indicated following hospital discharge.
